Abstract. Tomographic inversion of seismic refraction data from the flanks of the East Pacific Rise (EPR), 17
Introduction
The Mantle ELectromagnetics and Tomography (MELT) experiment was designed to provide observations on the distribution of melt and the pattern of mantle upwelling under the southern EPR [Forsyth et al., in press ]. The seismic refraction portion of the MELT experiment was conducted in Fall 1995 and consisted of two linear ocean bottom seismometer (OBS) arrays shot with a 4450 cu. in. airgun array from the R/V Melville. The primary array, the topic of this study, crosses the EPR at 17
• 15'S, and refraction data were collected along two segments (Line 2 and Line 3, Figure  1 ). The secondary array [Canales et al., in press] crosses the EPR 150 km to the north, near a small OSC.
In this area, the axis of the ultra-fast spreading EPR (142 mm/yr) is shallow (<2600m deep) and displays a broad inflated cross-section. The spreading rate[eg. Cormier and Macdonald, 1994] , seamount densities and subsidence rates [Scheirer et al., 1996b] and Mantle Bouguer Anomalies (MBA) [Scheirer et al., in press] are all asymmetric about the ridge axis, with the east flank subsiding at the average global rate, having relatively few seamounts and exhibiting horst and graben topography. The west flank subsides at about half the average rate, spreads on average slower than the east flank and is dotted by the abundant seamounts of the Rano Rahi field. Line 3 intersects two major seamounts chains, the Anakena and Patia chains (Figure 1 ). 
Data analysis
Airgun travel-time data have been analyzed by forward raytracing and 2D-tomographic modeling [Van Avendonk et al., in press] . Our solution to the forward raytracing problem is an adaptation of Moser's shortest path [Moser, 1991] and conjugate gradient ray bending algorithms [Moser et al., 1992] which provide sufficiently accurate travel-times and stable raypaths. Rough topography (seamounts and abyssal hills) dictates that we use sheared grid cells, allowing the top of the velocity grid to match the ocean floor [Toomey et al., 1994] . We alternate raytracing with linearized inversions for the P-velocity model. We choose to over-parameterize the model, which allows us to resolve fine-scale variations in the 2D velocity field if required by the data. While performing the tomographic inversion, we minimize an objective function that is a linear combination of the data fit and the velocity model roughness. The roughness penalty is an integral over squared, scaled vertical and horizontal derivatives. The horizontal length scale is constant and up to a few orders of magnitude larger than the vertical one, reflecting the expectation of modest lateral variations. The vertical length scale increases with depth and is based on a reference EPR velocity model [Vera et al., 1990] .
A total of 6126 vertical component P-wave arrivals were picked including 3425 clear crustal refractions (Pg), 1651 Moho reflections (PmP) observed on most of our record sections, and 1050 mantle refractions (Pn), mostly on the west flank of the ridge. This allowed us to obtain 2D velocity models (Figure 2A ,D) for both flanks of the ridge axis. Typically, the seismic structure of the oceanic crust is described in terms of layers with the boundaries between the layers being marked by changes in velocity gradient. The shallowest layer, layer 2A, is divided from the top of layer 2B, a nearly constant section, by a steep velocity gradient from 2.4 to 5 km/s[eg. Harding et al., 1993] . The transition into layer 3 is generally interpreted to coincide with a decreasing gradient at about 6.6 km/s[eg. Vera et al., 1990] . Our final velocity models are too smooth to use velocity gradients to define the seismic layers and we choose 5 and 6.6 km/s velocity contours as proxies to delimit layer 2A, 2B and 3 (see contours on Figure 2B ,E). Ray coverage is much greater in the upper-crust than in the lower crust, allowing greater confidence in the location of the layer 2/3 interface than the Moho depth. The bathymetry data were primarily collected during the Gloria and Rapa expeditions [Scheirer et al., 1996a] . Superimposed is a sketch highlighting the approximate migration paths (thick arrows) of OSCs constrained by magnetic anomalies and side-scan lineaments by Cormier et al. [1996] (approximate offset and nomenclature are indicated).
The Moho reflector is initially placed at 7.5 km/s where the high velocity gradient of the transition zone starts, and is assumed to be flat, an approximation that is justified by the absence of a trend in the PmP travel-time residuals. The average crustal thickness is estimated to be 5.5 km on the Pacific plate and 5.2 km on the Nazca plate, using both PgPn cross-over ranges and PmP travel-times. These estimates are in good agreement with thickness bounds independently obtained by Canales et al. [in press ] -4.8 to 5.6 km on the Pacific plate and 5.1 to 5.7 km on the Nazca plate. The computed vertical incidence reflection times of the Moho are 1.75 sec on the Pacific plate and 1.71 sec on the Nazca plate. These predictions are consistent with actual Moho reflection times of 1.7 sec on both flanks in a multi-channel seismic profile crossing the EPR at 17
• 34'S [J. M. Babcock, pers. comm.], providing confirmation that the crustal thicknesses are accurate and similar on both sides of the ridge.
Observations
On the west flank (Line 3, Figure 2A ) there are two interesting features in our crustal velocity model. First, we observe a thickening of all upper crustal layers in the vicinity of the two main chains of seamounts. Second, layer 2 (2A + 2B) is 1.5-1.6 km thick away from the influence of the seamount chains, with the exception of a short ∼15 km section west of OBS 40 (Figure 2A,B) where the thickness is 2.0-2.1 km. This step in thickness is required by the data and the good ray coverage gives us confidence in defining this feature. This step coincides with the presence at the ridge 0.78 Ma ago of a paleo-overlapping spreading center denoted "C2" (see Figure 1 and [Cormier et al., 1996] ). A similar feature may be expected where the wake of OSC "A" intersects Line 3 at right angles near OBS 45, but the original structure is overprinted by seamount magmatism and in any case ray coverage and hence resolution are poor in this area.
The crustal structure on the east flank (Line 2, Figure  2D ) is quite different from that found on the west flank with an almost uniform layer 2 thickness (2.0-2.1 km). The position of Line 2 is very close to the center of the Nazca plate track of the large OSC "C" that migrated south along the EPR from 3 Ma to 1 Ma and subsequently bifurcated at 1 Ma, into two smaller OSCs "C1" and "C2" which rapidly migrated away from each other (Figure 1 and [Cormier et al., 1996] ). We observe a thinning of layer 2 60 km off axis (1.5-1.6 km thick below OBSs 22 and 23, Figure 2D ,E); at this range the crust is no longer affected by the ∼40 km wide corridor that constitutes the discordant zone of OSC "C". The narrow ∼20 km wide corridor formed by the smaller OSC "C1" starts to affect Line 2 (west of OBS 22) as it approaches its western end.
Velocity models and OSC migration patterns (see green colored bands delineating the areas affected by OSC paths on Figure 2A,D) suggest that there is a correlation between layer 2 thickness and the presence of OSCs. In crust not affected by seamount magmatism, layer 2 is ∼500 m thicker when it lies within the corridor of an OSC migration path.
The two main features of our interpretation -layer 2 thickening west of OBS 40 and thinning below OBSs 22 and 23 -have a gravity signature compatible with the data. We used the ship gravity data (Figure 3 in dark) as an independent check on the two key seismic observations. We modeled the residual Bouguer Anomaly (Figure 3 in light) using the three crustal layers ( Figure 2B ,E) derived from our 2D seismic models. The short wavelength features in the residual BA are expected to reflect variations in crustal densities and thicknesses. On both flanks, the modeled amplitudes fit the gravity data reasonably well. The mismatch between data and predictions at the center of the west line, is due to the effect of the large seamounts south of OBSs 43 and 45. Their loading effect modifies the density distribution in 3D while our seismic tomography resolves only the 2D structure.
Discussion and conclusions
The distinct crustal structures found along the west and east profiles probably do not reflect a typical asymmetry about the southern EPR. Because the profiles are oblique to the ridge axis, the west-flank crust was created mainly at the center of a second-order ridge segment, segment "G" and the east-flank crust was created at the end of a segment, segment "L" (nomenclature as in [Hooft et al., 1997] ). The profiles instead provide us with an opportunity to examine crustal structure associated with OSCs and OSC wakes, features for which there are, as yet, very few direct seismic measurements. The most notable features of the seismic models is the increase in layer 2 thickness in the OSC wakes and the absence of any change in crustal thickness.
Although morphologically OSCs form segment boundaries and are frequently assumed to be located away from focused mantle upwelling [Macdonald et al., 1988] , there is not a consensus as to whether this should mean thinner or thicker crust at OSC. Seismic data indicate thick crust immediately north of the 9
• 03'N OSC [Barth and Mutter, 1996 ; G. M. Kent pers. comm. from ARAD 3D preliminary results], while gravity data have been interpreted as indicating thick crust at the 22
• 10'S OSC along the Valu Fa ridge [Sinha, 1995] . Conversely a positive residual MBA in the vicinity of 20
• 40'S OSC along the EPR has been interpreted as due to a crustal thinning of 500±200m [Cormier et al., 1995] . Our observations suggest that the crustal thickness remained constant and normal throughout the propagations of paleo-ridge segments in the MELT area.
The most straightforward explanation of the seismic layer 2/3 boundary is as a porosity horizon, one whose relation- The lower panels (C,F) are reduced travel-times plots of the data picks (dark) and calculated travel-times (light). The χ 2 reduces from 20 before inversion to 1.7 after inversion on the west line (the median of the travel-time residuals is 19 msec after inversion), and from 11 to 5 on the east line (the median is 35 msec). The general fit of the travel-time data for Line 2 is not as good as for Line 3 because of the rougher seafloor fabric within the OSC wakes.
ship to the underlying lithologic layering need not be fixed. For the magmatically dominated segments of the EPR, the depth of layer 2/3 boundary is observed to be at or near the depth the axial magma chamber (AMC) reflector, after making allowance for the off-axis thickening of layer 2A[eg. Vera et al., 1990] . Such a relationship can arise if, for example, the cracking front due to the hydrothermal circulation is buffered by, and lies just above the AMC. In these circumstances the off-axis layer 2/3 boundary will track the fossil depth of the magma sill roof averaged over times of a few hundred thousand years and a more magmatically robust segment with a shallower average AMC depth would produce a thinner layer 2. These observations need not apply to the more tectonically active OSC basins [Macdonald et al., 1988; Wilcock et al., 1992] where fracturing of the upper crust may be the dominant influence on the layer 2/3 boundary. Christeson et al. [1997] detected lower layer 2 velocities and perhaps a thicker layer 2 in crust affected by the 9
• 03'N OSC wakes, which they attribute to an increase of upper crustal porosity caused by shearing and rotation of the overlap basins. However, the depth of the layer 2/3 transition in our velocity models -1.5 to 1.6 km for crust created at the center of the segment, and 2.0 to 2.1 km for crust created near an OSC -is what one would predict for the fossil depth from present day variations in AMC depth along the southern EPR. AMC depths occur typically ∼500 m shallower at the center of segment than at OSCs, deepening from ∼1.2 to 1.7 km [Hooft et al., 1997] , and the off-axis increase in layer 2A thickness is typically ∼300-400 m[eg. Harding et al., 1993] . This coincidence in depth may be fortuitous given the inherent vertical resolution of our tomographic models, and more detailed geophysical studies will be required to resolve this question. However, it is conceivable that the enhanced tectonism of the OSC could be the proximal cause of a deeper layer 2/3 transition and a deeper AMC. One hypothesis is that the magma sill resides at a freezing surface controlled by a balance between heat input by injection of magma into the crust and heat removal by hydrothermal circulation[eg. Henstock et al., 1993; PhippsMorgan and Chen, 1993] . Enhanced cooling linked to the particular geometry of the ridge at an OSC would in this case explain the deepening of the magma sill and the absence of concomitant reduction in crustal thickness.
In addition, our results indicate that the east-west asymmetry of the MBA across the EPR in the MELT area [Scheirer et al., in press ] cannot be explained by a difference in crustal thickness and is probably created by asymmetric upper mantle temperatures. Seismological observations [Forsyth et al., in press] demonstrate that lower mantle velocities and stronger anisotropy are present on the west side of the rise axis, suggesting that the melt production is shifted toward the Pacific plate in this area. Our observations of clearer and stronger Pn arrivals on the west side of the EPR suggest that a high temperature, high melt anomaly cannot reside in the upper 2-3 km of the mantle. However, high anisotropy in the uppermost mantle due to ) half space with the bathymetry grid, and a linear regional trend (5.5 mgals/Ma for the Pacific plate and 12.5 mgals/Ma for the Nazca plate estimated from the regional MBA profiles [D. S. Scheirer, pers. comm.] for a crust between 1 Ma and 5 Ma). Variations in the residual BA (B,D, in dark) are on the order of 10 mgals for the west flank and 5 mgals for the east flank, confirming that the east line exhibits minor lateral variations in structure. We model the BA directly (B,D, in light) using three layers of constant density (2.7 g/cm 3 for layer 2A, 2.85 g/cm 3 for layer 2B and 2.95 g/cm 3 for layer 3, [Carlson and Raskin, 1984] ) derived from our 2D seismic models. The volcanic layer thickening west of OBS 40 (marked by * on B) and thinning below OBSs 22 and 23 ( * * on D) have a gravity signature compatible with the data. the shearing of faster Pacific plate motion relative to the deep mantle, as suggested by Forsyth et al. [in press ], could be responsible for our observations.
